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TUNABLE INDUCTOR 

This application claims the bene?t of US. provisional 
patent application No. 60/528,507, ?led Dec. 10, 2003, the 
entire content of Which is incorporated herein by reference. 

TECHNICAL FIELD 

The invention relates to inductors including inductors 
useful in inductor-capacitor (LC) tanks for radio frequency 
(RF) communication. 

BACKGROUND 

An inductor is an electrical device that introduces induc 
tance into a circuit or functions by inductance Within a 
circuit. In some applications, it is useful for inductors to be 
tunable. For example, circuits designed for RF applications 
may bene?t by using tunable inductors. In particular, tuned 
circuits that include LC tanks used for loads, ?lters, imped 
ance matching, or the like may use tunable inductors for 
tuning center frequencies. 

The center frequency of an LC tank may be tuned for 
various reasons. For example, tuning the center frequency of 
LC tanks may compensate for process variation. In other 
cases, tuning the center frequency may track a signal fre 
quency that varies. In addition, tuning the center frequency 
of an LC tank can produce a particular amplitude or phase 
for a given frequency. 
A tunable inductor, having an inductance that may be 

controlled manually or automatically, typically is tunable 
only by mechanical means. Variable capacitors, also knoWn 
as varactors, are sometimes used to tune LC tanks. If a 
varactor is grounded, banks of sWitched capacitors may be 
necessary to properly tune an LC tank. 

SUMMARY 

In general, the invention is directed to a tunable inductor 
that employs eddy current effects to tune the inductance of 
an inductor. The tunable inductor may include a spiral or 
helical inductor in proximity to one or more sets of eddy 
current coils. In particular, a set of eddy current coils may be 
above, beloW, or on the same plane as the inductor. Each 
eddy current coil may be coupled to a corresponding sWitch 
that controls Whether the respective eddy current coil is 
grounded or ?oating. 

In operation, a ?rst time-varying current through the 
inductor may induce a ?rst magnetic ?eld that in turn 
induces a time-varying voltage in an eddy current coil. If the 
eddy current coil is grounded, no eddy current ?oWs through 
the eddy current coil and the inductance of the tunable 
inductor remains unchanged. 

If the eddy current coil is not grounded, hoWever, an eddy 
current ?oWs through the eddy current coil. The eddy 
current, Which ?oWs in the opposite direction of the ?rst 
time-varying current, induces a second magnetic ?eld. The 
second magnetic ?eld, Which opposes the ?rst magnetic 
?eld, reduces the inductance of the tunable inductor. 

The direction and amplitude of the second magnetic ?eld 
may be controlled in order to tune the inductance of the 
inductor. In particular, the direction and amplitude of the 
second magnetic ?eld may be controlled based on an 
arrangement of eddy current coils that are not grounded. By 
selectively coupling and decoupling one or more eddy 
current coils to ground, the inductance of the inductor can be 
selectively tuned. 
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In one embodiment, the invention is directed to a tunable 

inductor that includes an inductor, a ?rst eddy current coil in 
proximity to the inductor, and a sWitch coupled to the ?rst 
eddy current coil that controls Whether the ?rst eddy current 
coil is grounded or ?oating. The inductor has a standard 
inductance, Wherein current through the inductor induces a 
?rst magnetic ?eld. The ?rst eddy current coil is capable of 
carrying an eddy current induced by the magnetic ?eld. The 
inductance of the inductor can be tuned doWn from a 
standard inductance When the ?rst eddy current coil is 
?oating. Alternatively, the inductance of the inductor can be 
tune upWard from a standard inductance When the ?rst eddy 
current coil is grounded. 

In another embodiment, the invention provides a tunable 
inductor comprising an inductor that induces a magnetic 
?eld in response to current ?oWing through the inductor, an 
eddy current coil in proximity to the inductor, and a sWitch 
to couple the eddy current coil to ground to prevent eddy 
current from ?oWing Within the eddy current coil in response 
to the magnetic ?eld, and to decouple the eddy current coil 
from ground to permit the eddy current to ?oW Within the 
eddy current coil in response to the magnetic ?eld, Wherein 
the eddy current reduces an e?‘ective inductance of the 
inductor. 

In a further embodiment, the invention provides a method 
for tuning an inductor, Wherein the inductor induces a 
magnetic ?eld in response to current ?oWing through the 
inductor. The method comprises coupling an eddy current 
coil to ground to prevent eddy current from ?oWing Within 
the eddy current coil in response to the magnetic ?eld, and 
decoupling the eddy current coil from ground to permit the 
eddy current to ?oW Within the eddy current coil in response 
to the magnetic ?eld, Wherein the eddy current coil is in 
proximity to the inductor, and the eddy current reduces an 
e?‘ective inductance of the inductor. 
The invention may provide one or more advantages. A 

variable tank capacitance can cause degradation of linearity 
or Q. HoWever, a tunable inductor in accordance With the 
invention can help to avoid these disadvantages. Moreover, 
the invention provides a technique for tuning an inductor by 
non-mechanical means. In addition, varactors, Which can 
bring nonlinearity to a system, are not necessary for imple 
menting the invention. Furthermore, banks of sWitches, 
Which contain resistances that can degrade the Q and per 
formance of the tank, are not detrimental to the circuit. In 
particular, the degradation of the inductor Q is minimized 
because the sWitches are not in place When eddy current 
?oWs, and the sWitches are not in the signal path. 
The details of one or more embodiments of the invention 

are set forth in the accompanying draWings and the descrip 
tion beloW. Other features, objects, and advantages of the 
invention Will be apparent from the description and draW 
ings, and from the claims. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a schematic diagram illustrating an LC tank that 
includes an exemplary tunable inductor. 

FIG. 2 is a conceptual diagram illustrating a top vieW of 
an exemplary tunable inductor. 

FIG. 3 is a conceptual diagram illustrating a top vieW of 
tunable inductor parts that may be used for generating or 
inhibiting an eddy current. 

FIG. 4 is a perspective diagram illustrating an exemplary 
tunable inductor. 

FIG. 5 is a conceptual diagram illustrating a side vieW of 
an exemplary tunable inductor. 
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FIG. 6 is a conceptual diagram illustrating a side vieW of 
an alternative tunable inductor. 

FIG. 7 is a block diagram illustrating a system for tuning 
a tunable inductor as described herein. 

DETAILED DESCRIPTION 

FIG. 1 is a schematic diagram illustrating an LC tank 10 
that includes a capacitor 12 and an exemplary tunable 
inductor 20. In particular, tunable inductor 20 includes an 
inductor 14 and a virtual inductor 18. Inductor 14 may be a 
helical inductor, a spiral inductor, or the like. A helical 
inductor may be classi?ed as a substantially 3-dimensional 
structure, Whereas a spiral inductor is a substantially 2-di 
mensional structure. Inductor 14 has a standard inductance, 
such that current through the inductor induces a ?rst mag 
netic ?eld. 

Virtual inductor 18 may have a variable inductance that is 
adjustable. In one embodiment, the inductance of virtual 
inductor 18 acts as a negative inductance, thereby reducing 
the inductance of tunable inductor 20. The inductance of 
virtual inductor 18 may be induced by techniques described 
beloW. For example, virtual inductor 18 may include one or 
more eddy current coils. A current ?oWing through the eddy 
current coils may induce a second magnetic ?eld that 
opposes the ?rst magnetic ?eld. 

FIG. 2 is a conceptual diagram illustrating a top vieW of 
an exemplary tunable inductor 20. Tunable inductor 20 
includes an inductor 14 and at least one set of eddy current 
coils 22. Inductor 14 is shoWn in FIG. 2, by dotted line, as 
a spiral inductor With an inductor input 26 and an inductor 
output 28. Inductor 14 has a standard inductance that may be 
tuned as described beloW. Only one eddy current coil 22 is 
shoWn in FIG. 2. Eddy current coil 22 may include a 
conductive metal ring. In one embodiment, the eddy current 
coil 22 may be in the same plane as inductor 14. In other 
embodiments described beloW, an eddy current coil may be 
formed in a plane above or beloW inductor 14. Eddy current 
coil 22 and inductor 14 may be formed from similar elec 
trically conductive materials, such as copper. In addition, 
eddy current coil 22 and inductor 14 may be formed as 
conductive traces or Windings. 

The eddy current coil 24 may be coupled to a correspond 
ing sWitch 24 that controls Whether the eddy current coil is 
grounded or ?oating. SWitch 24 may be a transistor, a relay, 
a microelectromechanical sWitch, or the like. In one embodi 
ment, an NMOS transistor is used for the sWitch 24. Eddy 
current coil 24 may carry eddy current that is induced by a 
changing magnetic ?eld. The eddy current may produce 
heat, Which can loWer the e?iciency of inductor 14. 

In operation, a ?rst time-varying current through the 
inductor 14 induces a ?rst magnetic ?eld that in turn induces 
a time-varying voltage in eddy current coil 22. For example, 
the ?rst time-varying current in inductor 14 may ?oW in the 
clockWise direction indicated by reference numeral 29. The 
current induces a magnetic ?eld in a direction into the page 
in FIG. 2, i.e., normal to the major plane of inductor 14. 

If the eddy current coil 22 is grounded, no eddy current 
?oWs through the eddy current coil and the inductance of the 
tunable inductor 14 remains unchanged. HoWever, if the 
eddy current coil 22 is not grounded, an eddy current ?oWs 
through the eddy current coil. The eddy current, Which ?oWs 
in the opposite direction of the ?rst time-varying current, 
induces a second magnetic ?eld. The second magnetic ?eld, 
Which opposes the ?rst magnetic ?eld, reduces the induc 
tance of the tunable inductor 14. 
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Accordingly, in a “normal” state of inductor 14, eddy 

current does not ?oW through eddy current coil 22, and the 
inductance of inductor 14 is generally unchanged. In this 
normal state of inductor 14, eddy current coil is grounded so 
that no eddy current ?oWs. to achieve a reduced inductance 
state, eddy current coil 22 is decoupled from ground and 
alloWed to ?oat. In this reduced inductance state, the eddy 
current ?oWing through eddy current coil 22 reduces the 
inductance of inductor 14. The normal state and reduced 
inductance state may be selected by closing or opening 
sWitch 24, respectively. In this manner, the inductance of 
inductor 14 can be manipulated on a selected basis. 

Alternatively, in other embodiments, the opposite 
arrangement may be used, such that the normal state of the 
inductor 14 is a reduced inductance state in Which eddy 
current ?oWs through a ?oating eddy current coil 22. In this 
case, an increased inductance state can be achieved in 
inductor 14 by coupling eddy current coil 22 to ground via 
sWitch 24, and thereby stopping the ?oW of eddy current. 

Because eddy current can produce heat, it may be desir 
able to con?gure the normal state of the inductor 14 so that 
no eddy current ?oWs. The poWer that is lost due to heat is 
signal poWer, Which can lead to a degradation in perfor 
mance. For example, a Q factor may be degraded due to the 
loss of signal poWer. Accordingly, for poWer e?iciency, 
inductor 14 may occupy a normal state in Which no eddy 
current ?oWs through eddy current coil 22. In this case, 
sWitch 24 is controlled to couple eddy current coil 22 to 
ground and activate a reduced inductance state. 

The amplitude of the second magnetic ?eld induced by 
the current ?oWing through the eddy current coil 22, or 
multiple eddy current coils 22, may be controlled in order to 
tune the inductance of the inductor 14. Arranging sets of 
eddy current coils, and manipulating individual sWitches 
that connect the eddy current coils to ground may be used to 
control the amplitude of the second magnetic ?eld With ?ner 
granularity. The changing second magnetic ?eld directly 
a?‘ects the inductance of tunable inductor 20. 

FIG. 3 is a conceptual diagram illustrating a top vieW of 
a set tunable inductor components that may be used for 
generating an eddy current. In particular, FIG. 3 illustrates 
eddy current coils 32A, 32B, 32C (collectively, “eddy cur 
rent coils 32”), and sWitches 34A, 34B, and 34C (collec 
tively, “sWitches 34”), Which may be selectively opened and 
closed to couple one or more of eddy current coils 32 to 
ground. Eddy current coils 32 may be on a single plane and 
may make up a set of eddy current coils. 

In the example of FIG. 3, eddy current coils 32 are formed 
concentrically. Concentric eddy current coils 32 may be 
above, beloW, or on the same plane as inductor 14. In one 
embodiment, each of eddy current coils 32 may correspond 
to a loop of inductor 14. Each of eddy current coils 32 may 
correspond to one of sWitches 34, such that each sWitch 
individually controls connection of one of the eddy current 
coils to ground. 

Depending on the states of the sWitches 34, i.e., i.e. open 
or closed, inductor 14 Will induce eddy current in none, one, 
tWo, or all eddy current coils 32. For example, When sWitch 
34A is open, the corresponding eddy current coil 32A ?oats, 
alloWing eddy current to ?oW through the eddy current coil 
32A. As eddy current ?oWs through eddy current coil 32A, 
the inductance of the inductor 14 is reduced. In another 
example, When sWitch 34B is closed, a corresponding eddy 
current coil 32B is grounded, preventing eddy current from 
?oWing through the eddy current coil 32B. With no eddy 
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current ?owing through the eddy current coil 32B, the 
inductance of the inductor 14 is maintained at a normal 
level. 
Eddy current coils 32A, 32B, 32C may have different 

diameters, occupy different positions, and even be con 
structed with different conductive materials or different 
amounts of such materials. As a result, each individual eddy 
current coil 32 may produce a different magnitude of eddy 
current. With three different eddy current coils 32A, 32B, 
32C and three respective sWitches 34A, 34B, 34C, the eddy 
current coils may provide eight different tuning states for 
inductor 14 as indicated in TABLE 1 beloW. 

TABLE 1 

Tuning State Conditions 

1 All three eddy current coils coupled to ground 
2 Eddy current coil 32A ?oating, coils 32B, 32C coupled 

to ground 
3 Eddy current coil 32B ?oating, coils 32A, 32C coupled 

to ground 
4 Eddy current coil 32C ?oating, coils 32A, 32B coupled 

to ground 
5 Eddy current coils 32A and 32B ?oating, coil 32C 

coupled to ground 
6 Eddy current coil 32A and 32C ?oating, coils 32B 

coupled to ground 
7 Eddy current coil 32B and 32C ?oating, coil 32A 

coupled to ground 
8 All three eddy current coils 32B ?oating. 

Each of sWitches 34 also may be manipulated to control 
the direction and amplitude of the second magnetic ?eld 
described above With reference to FIG. 2. In addition, 
although three eddy current coils 32 are shoWn in FIG. 3, a 
greater or lesser number of eddy current coils and corre 
sponding sWitches may be used. Furthermore, additional sets 
of eddy current coils, like the set comprising eddy current 
coils 32A, 32B, 32C, may be used to affect the second 
magnetic ?eld. The changing second magnetic ?eld directly 
affects the inductance of tunable inductor 20. 

FIG. 4 is a perspective diagram illustrating an exemplary 
tunable inductor 40. Tunable inductor 40 includes inductor 
14, eddy current coils 32A, 32B, 32C (collectively, “eddy 
current coils 32”), and sWitches 34A, 34B, and 34C (col 
lectively, “sWitches 34”). Inductor 14 may be a spiral 
inductor on plane 41. As shoWn in FIG. 4, eddy current coils 
32 may be on a single plane 42 and may make up a set of 
eddy current coils 32. In various embodiments, concentric 
eddy current coils 32 may be above, beloW, or on the same 
plane as inductor 14. In the example of FIG. 4, eddy current 
coils 32 are on a different plane from inductor 14. A 
dielectric layer may be formed betWeen planes 41, 42. In one 
embodiment, each of eddy current coils 32 may correspond 
to a loop of inductor 14. Each of eddy current coils 32 may 
correspond to one of sWitches 34. 

In operations, a ?rst time-varying current through the 
inductor 14 induces a ?rst magnetic ?eld that in turn induces 
a time-varying voltage in eddy current coils 32. For 
example, the ?rst time-varying current in inductor 14 may 
?oW in the clockWise direction. The current induces a ?rst 
magnetic ?eld 44. 

If an eddy current coil, such as eddy current coil 32A, is 
grounded, no eddy current ?oWs through the eddy current 
coil 32A and the inductance of the tunable inductor 40 
remains unchanged. HoWever, if the eddy current coil 32A 
is not grounded, an eddy current ?oWs through the eddy 
current coil 34A. The eddy current, Which ?oWs in the 
opposite direction of the ?rst time-varying current, induces 
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6 
a second magnetic ?eld. The second magnetic ?eld, Which 
opposes the ?rst magnetic ?eld 44A, reduces the inductance 
of the tunable inductor 40. 

The direction and amplitude of the second magnetic ?eld 
may be controlled in order to tune the inductance of the 
inductor 14. In particular, sWitches 34 that connect the eddy 
current coils 32 to ground may be manipulated on a selective 
basis to control the amplitude of the second magnetic ?eld. 
In addition, sets of eddy current coils 32 may be arranged in 
various con?gurations to control the second magnetic ?eld. 

FIG. 5 is a conceptual diagram illustrating a side vieW of 
an exemplary tunable inductor 50. As described above, 
tunable inductor 50 may include an inductor 54, a ?rst set of 
eddy current coils 52 that is above inductor 54, and a second 
set of eddy current coils 56 that is beloW inductor 54. For 
simplicity, the sWitches that ground the eddy current coils in 
sets of eddy current coils 52, 56 are not shoWn in FIG. 5. 
Each set of eddy current coils 52, 56 may include one or 
more eddy current coils. In one embodiment, each set of 
eddy current coils 52, 56 may correspond to a loop of 
inductor 14. Inductor 54 and eddy current coils 52, 56 may 
be formed in an integrated multi-layer circuit structure using 
conventional circuit printing or deposition processes. 
SWitches to selectively connect eddy current coils 52, 56 to 
ground may also be formed on one of the planes of the 
multi-layer circuit structure, e.g., as thin ?lm transistor 
devices, such as NMOS ?eld effect transistors. Alternatively, 
sWitches may be formed as microelectromechanical 
sWitches or relays. One or more capacitors also may be 
formed in the multi-layer circuit structure to form an LC 
tank in conjunction With tunable inductor 50. 

FIG. 6 is a conceptual diagram illustrating a side vieW of 
an alternative tunable inductor 60. As described above, 
tunable inductor 60 may include an inductor 62, a ?rst set of 
eddy current coils 64 beloW inductor 62, and a second set of 
eddy current coils 66 that is beloW inductor 62. Inductor 62 
and eddy current coils 64, 66 may be formed in a multi-layer 
circuit structure. For simplicity, the sWitches that ground the 
eddy current coils in sets of eddy current coils 64, 66 are not 
shoWn in FIG. 5. HoWever, such sWitches may be formed on 
the same planes as eddy current coils 64, 66, or on a different 
plane of the multi-layer circuit structure. Each set of eddy 
current coils 64, 66 may include one or more eddy current 
coils. In one embodiment, each set of eddy current coils 64, 
66 may correspond to a loop of inductor 14. The multi-layer 
circuit structure also may include one or more capacitors to 
form an LC tank. 

FIG. 7 is a block diagram illustrating a system 68 for 
tuning a tunable inductor as described herein. The multi 
layer circuit structures depicted in FIGS. 5 and 6 may form 
part of a larger circuit, such as a receiver or transmitter 
circuit, e.g., for radio frequency (RF) telecommunication. 
Accordingly, the tunable inductor may have an appropriate 
input and output for use in such a circuit. In some embodi 
ments, the tunable inductor may be con?gured at the factory 
to achieve a desired inductance. In particular, the sWitches 
can be closed or opened on a selective basis to achieve 
desired inductance. 

Also, in some embodiments, the tunable inductor may be 
dynamically controlled by a circuit in Which the tunable 
inductor is used. As shoWn in FIG. 7, a controller 70 may be 
provided to control sWitches 72, 74, 76 and thereby selec 
tively couple individual eddy current coils to 78, 80, 82 to 
ground. Controller 70 may be responsive to a feedback 
signal that indicates a need for adjustment of the tunable 
inductor. 



US 7,202,768 B1 
7 

The feedback signal may indicate that a step adjustment 
is necessary. In this case, controller 70 may continue to 
incrementally increase or decrease inductance by closing or 
opening the sWitches 72, 74, 76, e.g., one at a time. Alter 
natively, the feedback signal may actually indicate a desired 
magnitude of the adjustment, in Which case controller 70 
may selectively control one or more sWitches simulta 
neously to achieve the desired inductance. 

Various embodiments of the invention have been 
described. In other embodiments, the invention also may 
contemplate methods for fabricating a tunable inductor. 
These and other embodiments are Within the scope of the 
folloWing claims. 

The invention claimed is: 
1. A tunable inductor comprising: 
an inductor that induces a magnetic ?eld in response to 

current ?oWing through the inductor; 
a ?rst eddy current coil in proximity to the inductor; 
a ?rst sWitch to couple the ?rst eddy current coil to ground 

to prevent eddy current from ?oWing Within the ?rst 
eddy current coil in response to the magnetic ?eld, and 
to decouple the ?rst eddy current coil from ground to 
permit the eddy current to How Within the ?rst eddy 
current coil in response to the magnetic ?eld, Wherein 
the ?rst eddy current reduces an effective inductance of 
the inductor 

a second eddy current coil in proximity to the inductor, 
Wherein the ?rst eddy current coil and the second eddy 
current coil are on opposite sides of the inductor; 

a second sWitch to couple the second eddy current coil to 
ground to prevent eddy current from ?oWing Within the 
second eddy current coil in response to the magnetic 
?eld, and to decouple the second eddy current coil from 
ground to permit the eddy current to How Within the 
second eddy current coil in response to the magnetic 
?eld, Wherein the eddy current ?oWing in the second 
eddy current coil reduces an effective inductance of the 
inductor. 

2. The tunable inductor of claim 1, Wherein the ?rst sWitch 
includes a NMOS transistor. 

3. The tunable inductor of claim 1, Wherein the ?rst sWitch 
includes a microelectromechanical sWitch. 

4. The tunable inductor of claim 1, Wherein the inductor 
is a spiral inductor. 

5. The tunable inductor of claim 1, Wherein the inductor 
is a helical inductor. 

6. The tunable inductor of claim 1, Wherein the inductor, 
the ?rst eddy current coil, and the second eddy current coil 
reside on different planes, Wherein the planes of the ?rst 
eddy current coil and the second eddy current coil are 
parallel With the plane of the inductor. 

7. The tunable inductor of claim 1, further comprising a 
controller to control the ?rst and second sWitches to selec 

tively couple and decouple the ?rst and second eddy current 
coils relative to ground to adjust the effective inductance of 
the inductor. 

8. The tunable inductor of claim 1, Wherein the ?rst eddy 
5 coil includes a conductive ring. 

9. A method for tuning an inductor, Wherein the inductor 
induces a magnetic ?eld in response to current ?oWing 
through the inductor, the method comprising: 

coupling a ?rst eddy current coil to ground to prevent 
eddy current from ?oWing Within the ?rst eddy current 
coil in response to the magnetic ?eld; 

decoupling the eddy current coil from ground to permit 
the eddy current to How Within the eddy current coil in 
response to the magnetic ?eld, Wherein the eddy cur 
rent coil is in proximity to the inductor, and the eddy 
current reduces an effective inductance of the inductor; 

coupling a second eddy current coil to ground to prevent 
eddy current from ?oWing Within the eddy current coil 
in response to the magnetic ?eld; and 

decoupling the second eddy current coil from ground to 
permit the eddy current to How Within the second eddy 
current coil in response to the magnetic ?eld, Wherein 
the second eddy current coil is in proximity to the 
inductor, the ?rst eddy current coil and the second eddy 
current coil are on opposite sides of the inductor, and 
the eddy current ?oWing in the second eddy current coil 
reduces an effective inductance of the inductor. 

10. The method of claim 9, Wherein the inductor is a spiral 
inductor. 
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11. The method of claim 9, Wherein the inductor is a 
helical inductor. 

12. The method of claim 9, Wherein the inductor, the ?rst 
eddy current coil, and the second eddy current coil reside on 
different planes, Wherein the planes of the ?rst eddy current 
coil and the second eddy current coil are parallel With the 
plane of the inductor. 

13. The method of claim 9, further comprising: 
coupling a third eddy current coil to ground to prevent 

eddy current from ?oWing Within the third eddy current 
coil in response to the magnetic ?eld; and 

decoupling the third eddy current coil from ground to 
permit the eddy current to How Within the third eddy 
current coil in response to the magnetic ?eld, 

Wherein the third eddy current coil is in proximity to the 
inductor, and the eddy current ?oWing in the third eddy 
current coil reduces an effective inductance of the 
inductor. 

14. The method of claim 9, Wherein the ?rst eddy coil 
includes a conductive ring. 
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